PACS. 34.50.Gb -Electron excitation and ionization of molecules; intermediate molecular states (including lifetimes, state mixing, etc.).
Introduction. -The wealth of experimental data on the low-energy behavior of collisions between polyatomic molecular gases and leptonic projectiles like e − and e + has certainly increased in recent years [1] and has been therefore providing a greater variety of comparative behavior that requires detailed theoretical understanding. This is particularly true when it comes to the analysis of the vibrational excitation processes, where the two leptons can provide in principle very different outcomes although the scattering events are being driven by essentially the same set of Coulomb forces between each projectile and the electronuclear aggregates which constitute the vibrating, bound molecular states [2, 3] . The theoretical analysis of the vibrational mechanisms at the microscopic level, however, has been somewhat lagging behind in the sense of being limited to linear molecules only [2, 3] or only to the elastic processes of the polyatomic gases [4, 5] , with only very recent attempts at analysing a polyatomic vibrating target being collisionally excited by e + [6] or e − [7] in the low-energy region. In qualitative terms, one expects that at the collision energies well above the opening of the excitation thresholds the electrons will be more effective in exciting molecular vibrations than their antiparticles because of their greater penetration near the nuclei provided by the attractive Coulomb cusps existing for the former leptons as opposed to the repulsive cusps for the latter. Hence, electrons will perturb more efficiently the molecular core and will therefore distort more strongly the binding electronic cloud, thereby providing the new potential in which the nuclei will reach "excited" distorted geometries. The above effects, however, will be less likely to happen for the positrons and therefore they will induce a smaller perturbation of the molecular potentials. The above qualitative picture becomes more subtle, and indeed more intriguing, when threshold energies are considered, i.e. for situations where the escaping particle travels very slowly away from the target force field. Therefore, a delicate balance between short-range effects (which are, furthermore, non-local for the e − lepton due to exchange interaction with the bound electrons) and the long-range forces (which are often given by the same analytic forms for both leptonic projectiles [9] ) has to be taken into consideration to fully understand what is going on at the elementary level.
Unfortunately, however, to obtain reliable experimental information at energies close to the threshold openings in polyatomic systems is not a very easy task and only recently some e − data have started to be collected in the meV regions [10] , while most data acquisition still samples energies from 500 meV and up to several eV [11] . Thus, it becomes of interest to gather theoretical predictions which could guide our selection of experiments and provide some general understanding. However, to play a useful role for designing future experiments, agreements of cross-sections obtained by the present theoretical model with available measurements is obviously indispensable.
In this work we present a study of threshold vibrational excitations of the four modes of the CH 4 molecule by collision with e − /e + projectiles. We shall be employing the theoretical model which we have already shown to be successful at predicting the experimental behavior of such processes at higher energies well away from thresholds [6, 7, 11, 12] . The CH 4 molecule belongs to the T d point group and its four normal modes describe the symmetric stretching (ν 1 ), the twisting (ν 2 ), the antisymmetric stretching (ν 3 ), and the scissoring (ν 4 ) modes. The first two modes are Raman (R) active while the last two modes are infrared (IR) active as the nuclear motion induces a dipole moment in the system (see table I ).
The theoretical method. -Since the details of the present theory have already been presented elsewhere [6, 7] , we provide here only an outline of it. To correctly obtain vibrational excitation cross-sections, we need to solve the Schrödinger equation of the total system for the wave function Ψ, at a fixed value of the total energy E. The total Hamiltonian is represented by the sum of the operators of the molecular Hamiltonian, of the kinetic energy for the scattered projectile, and of the interaction between the incident projectile and the target molecule. The molecular Hamiltonian includes no effect from the possible electronic excitations or from other reactive and break-up processes involving our molecular target. In other words, we assume that, at the threshold energies and during the scattering event, the molecular electronic wave function is always that of the electronic ground state of CH 4 . We also assume that the orientation of the target molecule remains fixed during the collision, since the molecular rotation is usually slower when compared with the velocity of the projectile at the energies we are considering. This is called the fixed nuclear orientation (FNO) approximation [9] , and corresponds to ignoring the effects of the rotational Hamiltonian on the dynamics. Then, the total wave function could be expanded as
Here, χ n is the vibrational wave function of the molecule with its vibrational quantum numbers n ≡(n 1 , n 2 , · · ·, n T ), where T represents the total number of different normal vibrational modes of the target molecule. The variables R and r denote the molecular nuclear geometry and the position vector of the leptonic projectile from the center-of-mass of the target, respectively. The u lνn functions describe the radial coefficients for the wave function of scattered e − /e + and the X lν are the symmetry-adapted angular basis functions [13] . The symbol ν in eq. (1) globally stands for the indices specifying the irreducible representation and those distinguishing its degenerate members.
After substituting eq. (1) into the Schrödinger equation of the total system under the FNO approximation, we obtain a set of full close-coupling equations, for each u lνn function, that now explicitly includes the vibrational channels. These are called the body-fixed vibrational close-coupling (BF-VCC) equations,
where k n is written as
with E vib n being the energy of the specific molecular vibration we are considering. Any of the elements of the interaction matrix is given by
where
When solving eq. (2) under the usual boundary conditions, we obtain the K-matrix elements. Therefore, the integral cross-section for the vibrationally inelastic scattering is given by
where T lνn l ν n is the T -matrix element. The interaction potential between the impinging projectile and the molecular target is represented in the form of a local potential which, for the electron scattering, consists of a sum of an ab initio electrostatic (V st ), an electron exchange (V ex ), and a polarization (V pol ) terms, while, for positron, it only contains a sum of V st and V pol . To obtain the V pol in the short range of the interaction region, we make use of a simple parameter-free model potential (V corr ) based on an electron-electron correlation energy for electrons suggested by Padial and Norcross [14] , and on a positron-electron correlation term suggested by Boronski and Nieminen [15] for positrons. Thus, the V corr term is given using the correlation energy ε corr in the framework of a homogeneous electron gas [16] ,
where ρ denotes the undistorted electron density of the target correctly obtained from manybody calculations. In our model, the short-range V corr is connected smoothly with the asymptotic form of V pol for its spherical component,
Here, α 0 is the spherical component of the target polarizability and is limited to its dipole contribution. As for the electron exchange, use is made of the semiclassical exchange potential adapted to non-linear targets as discussed in our earlier work [17] ,
Discussion of results. -The details of numerical technique of the present calculations have already been given in our previous papers [6, 7] . All of the present cross-sections for the (n: 0 → 1) transition are obtained by two-state BF-VCC calculations which rapidly converge with two vibrational states per mode (n = 0 and 1), since contributions from higher states to the final cross-section turn out to be very small. The ν 1 mode involves calculations where the value of α 0 is taken to vary as a function of the normal coordinate, while for all the other modes, because of the symmetries of the nuclear motions, we took the average value of the α 0 , i.e. its fixed value of 17.54 au at the equilibrium geometry.
Due to the existence of a transition dipole moment (TDM) which dominates the scattering at collision energies near threshold for the ν 3 and ν 4 modes, we have also carried out the simpler dipole Born approximation [9] obtained by employing only the coupling originating from the TDM,
where M l0=1 ν0
is the electric dipole moment and the suffix "s" specifies the vibrational mode. It should be noted that this formula gives exactly the same values for the cross-section both for the electron and the positron.
The results of our calculations for the ν 1 and ν 2 modes, which are both R-active without any induced-dipole interaction, are reported in fig. 1 , where the two insets in both panels show an enlargement of the (n: 0 → 1) excitation behavior down to a few meV of collision energy above the thresholds. One of the ways in which energy transfer efficiency by collision could be estimated dates back to the Massey criterion [18] , which qualitatively defines an adiabatic parameter λ by comparing the duration of the collision, τ c , with the period of the molecular vibration, τ v . When λ 1, then the collisional event is said to be sudden, hence the energy transfer is taken to be efficient. For λ 1, on the other hand, one obtains the adiabatic limit where the energy transfer becomes inefficient. The results in the upper panel of fig. 1 appear to follow the above analysis: during the symmetric stretching of the H nuclei, the local electron velocity is higher, at the same asymptotic energy, than that of its antiparticle. Thus, the vibrational excitation of the ν 1 mode becomes more impulsive for e − compared with e + , thereby causing the cross-sections to be much higher for the former projectile than for the latter. It is also interesting to note what is shown in the inset panel, at the very low-energy regions. When the spherical polarizability contributions are artificially excluded and the interaction is only taken to be the static Coulomb potential, the overall attractive nature of the e − -nuclear contributions maintain the sudden character of the collision with this lepton, while its antiparticle undergoes more adiabatic encounters due to its sampling of only the outer rim of the molecular volume and its smaller local velocity values.
The situation is, however, markedly different when we now consider the excitation of the ν 2 mode. The long-range polarization term, which usually dominates low-energy collisions, gives no contribution to the excitation process of the twisting mode [6, 7] , and therefore the collision time during the inelastic event is controlled mostly by the anisotropic static interaction and by the exchange contributions which only exist for the e − case. Thus, the interaction times could become comparable due to the reduced effects from the nuclear cusps on the electron local velocity. The result is therefore a set of excitation probabilities which have become smaller than in the case of ν 1 mode but which are comparable for the e − and e + projectiles. The inset further shows that the rather strong anisotropy of the purely static interactions, once even the exchange effects are removed for the e − , yields comparable duration of the interactions for e − and e + projectiles, hence comparable cross-sections. However, this incomplete description of the correct interactions yields excitation probabilities which are both smaller than before. Figure 2 also reports the present results for the IR-active modes ν 3 (upper panel) and ν 4 (lower panel). In these cases, as discussed before, the low-energy excitation processes are driven by the long-range TDM coupling potential which is the same for both leptons. Hence, we see that e − and e + yield inelastic cross-sections which are, in both cases, much larger than those of fig. 1 and which are comparable, to better than 20%, with each other. Here again, the dipole polarizability coupling is very small for both modes and can be considered negligible. Furthermore, the different nuclear motions that occur in the antisymmetric stretching for ν 3 as compared with the scissoring motion for ν 4 creates differences in the features of the nuclear interaction anisotropy, and therefore makes it difficult to appeal to simple estimates of local velocities of the two leptons during the interaction as being chiefly linked to nuclear cusp effects. As a consequence, we see that the relative rates between e − and e + excitations change differently, with collision energy, for the two modes. However, they always remain larger than the simpler dipole Born estimates, indicating the importance of the higher multipoles in producing the final excitation probabilities. As in the previous cases, the reduction of the interaction forces to purely Coulomb effects yields smaller excitations: the lack of polarization forces prevents the initial attractive driving of the two leptons into the short-range region where higher multipoles have an effect and therefore gives excitations which are essentially produced by the TDM couplings, hence they become similar to the Born results.
Conclusions. -The present calculations on the behavior of near-threshold collisional excitation of the vibrational modes of a realistic polyatomic molecule like methane interacting with two leptons, e − and e + , already indicates some general trends which are likely to apply to other polyatomics: 1) Electrons are more efficient projectiles for collisional "heating" (or "cooling") of polyatomic gases, whenever totally symmetric modes are involved, hence, where the qualitative Massey criterion is more likely to apply.
2) For less symmetric modes, on the other hand, the possible emergence of dipolar coupling increases drastically the excitation/de-excitation efficiency and the collisions are likely to yield very similar inelastic cross-sections for both leptonic projectiles.
3) Similarly, less symmetric modes that remain R-active are also likely to yield very similar cross-sections, since the highly anisotropic nature of the interaction may cause the local velocity of both leptons to remain essentially similar, as the lack of s-wave contributions prevent the e − to fully probe the short-range nuclear attraction of the target.
The above considerations cannot as yet be tested by experiments, although a fair amount of circumstantial evidence already exists:
1) The comparison of experimental inelastic processes at higher energies for both leptonic projectiles led to similar conclusions for linear targets like CO 2 [3] and OCS [2] .
2) The present computational approach has been found to yield fairly realistic results, in comparison with existing experiments, for higher-energy vibrational excitations via e − and e + collisions [6, 7, 11, 12, 19] .
Furthermore, the possibility of predicting collisional cooling efficiencies of molecular systems as aided by cold leptons as projectiles is currently of some importance in the area of modelling Molecular Bose-Einstein Condensates (MBEC) [20] , where the present work provides the first analysis of the possible behavior of a polyatomic gas. * * *
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